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Nanocomposite thin films of (PMMA/TiO₂) are deposited onto glass substrates using the dip-coating 
technique. The films are prepared from pure PMMA and (PMMA/TiO₂) composites with different 
molar concentrations of TiO₂. XRD, FE-SEM, FTIR, and AFM analyses are employed to investigate 
the structural and morphological properties of the thin films. XRD results revealed that the pure 
PMMA film exhibited an amorphous structure, while the (PMMA/TiO₂) composites showed additional 
crystalline peaks around 30° corresponding to the (101) orientation. FE-SEM images demonstrated a 
transition in surface morphology—from a smooth and homogeneous texture for pure PMMA to more 
pronounced crystalline branched structures with increasing TiO₂ content. FTIR spectra confirmed the 
characteristic peaks of both pure PMMA and (PMMA/TiO₂) films. Upon TiO₂ incorporation, a new 
Ti–O vibration peak appeared at 800 cm⁻¹. AFM topographic analysis quantified these changes, 
showing an increase in the average grain diameter from 18.58 nm (pure PMMA) to 21.65 nm 
(PMMA/0.3 M TiO₂), while the surface roughness decreased from 168.0 pm to 158.1 pm. The peak-to-
peak distance also decreased from 983.7 pm to 721.0 pm, indicating enhanced surface uniformity. 
These results confirm that the obtained thin films possess good structural and surface properties, 
qualifying them for use in various applications. 
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1. INTRODUCTION 
 
A composite is defined as any physical combination of two or more different materials that produces a 
new material with properties that cannot be achieved by each component individually [1,2]. The 
properties of composites can be improved by adding inorganic molecules [3]. Nanocomposites 
enhance the usability of biodegradable polymers by increasing their thermal stability. Polymer 
nanocomposites are defined as polymers that contain nanoscale fillers, and their microstructure 
exhibits inhomogeneous regions within the nanometre range [4]. 
 
A wide range of polymers are commonly used for various applications. Among these, polymethyl 
methacrylate (PMMA) is a synthetic polymer prepared by free-radical addition and polymerization of 
methyl methacrylate (C₅O₂H₈) to form poly(methyl methacrylate) (C₅O₂H₈)ₙ [5]. Acrylic, which is 
often used as a glass substitute, can also be utilized in various applications due to its versatile 
properties [6]. 
 
Many studies have investigated the effect of reinforcement with titanium dioxide (TiO₂) particles to 
improve PMMA characteristics such as hardness, fracture toughness, and flexural strength [7]. 
Titanium dioxide (titania, TiO₂) is a chemically inert, semiconducting material that also exhibits 
photocatalytic activity in the presence of light with energy equal to or higher than its band-gap energy. 
These characteristics provide a wide range of potential applications. Moreover, due to the relatively 
low cost of the raw material and its ease of processing, titania has gained widespread attention over 
recent decades [8]. 
 
Information sensing is essentially an energy transfer process in which energy is transmitted from the 
measured object to the sensor, making all sensors act as energy converters [9]. Humidity sensors, in 
particular, have gained increasing importance in industrial processing and environmental control 
applications [10]. Dip coating represents one of the oldest commercially applied coating processes. In 
the standard approach, the substrate is withdrawn vertically from the solution reservoir at a constant 
speed (U₀) [11]. The aim of this work is to prepare pure thin films of PMMA and nanocomposite films 
of (PMMA/TiO₂), and to study their structural and morphological properties. 
 
2. EXPERIMENTAL 
2.1 Materials  
 
Liquid PMMA (Chinese origin, 100% purity) and titanium dioxide (TiO₂, Chinese origin, 99.9% 
purity) are used in this study. 
 
2.2 Method  
 
The solution used for depositing the thin films is prepared from pure PMMA by adding 40 mL of 
liquid PMMA into a beaker. For the preparation of the nanocomposite thin films (PMMA/TiO₂), 
different concentrations of TiO₂ (0.1, 0.2, and 0.3 M) are obtained by adding corresponding weights of 
0.3196, 0.6392, and 0.9588 g, respectively, to 40 mL of liquid PMMA. The amount of TiO₂ added is 
calculated using the following equation: 
M = 𝑤𝑤𝑤𝑤

𝑀𝑀𝑀𝑀
 x 1000

𝑉𝑉(𝑚𝑚𝑚𝑚)
                                                                                                                                                      (1)       

where M is the molarity (mol L⁻¹), wt is the weight in grams (g), M<sub>w</sub> is the molecular 
weight in g mol⁻¹, and V is the volume in millilitres (mL). The molecular weight of TiO₂ is 79.9 g 
mol⁻¹.  
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The prepared solution is placed in a beaker inside a water bath maintained at 60 °C, with continuous 
stirring until a homogeneous mixture is obtained. The beaker is then removed, and each thin-film 
sample is dip-coated four times, with each immersion lasting 4 s. The coated samples are subsequently 
left to dry at room temperature. 
The structural properties of the samples are characterized using an X-ray diffractometer (Aeris 
Research Edition) equipped with a Cu target. The microstructure of the films is examined using a 
Hitachi FE-SEM (Model S4160). Fourier-transform infrared spectroscopy (FTIR) analysis is carried 
out using an ALPHA II spectrometer (IEC/EN 60825-1:2014, Germany). The topographic properties 
of the films are investigated by atomic-force microscopy (AFM) using an AA3000 Scanning Probe 
Microscope. 
 
3. RESULTS AND DISCUSSION 
3.1 X-ray diffraction analysis (XRD) 
 
The structural properties of the prepared thin films are analyzed using X-ray diffraction (XRD) 
patterns, as shown in Figure 1. For pure PMMA, an amorphous pattern is observed with a broad halo 
located within the diffraction angles of (10–23) °, which agrees with previous findings [1]. Upon the 
gradual addition of TiO₂ and the formation of (PMMA/TiO₂) nanocomposite thin films, a distinct 
crystallization peak appeared at approximately 30°, corresponding to the (101) orientation. 
Both the intensity and crystallite size are found to increase, as calculated using Scherrer’s equation 
[12]: 
D = 𝑘𝑘𝑘𝑘

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽Ө
                                                                                                                                                                (2)  

where D is the crystallite size, λ is the X-ray wavelength (1.54060 Å), β is the full width at half 
maximum (FWHM) of the diffraction peak, θ is the Bragg angle, and k is a constant (0.9). 
The FWHM of the peaks decreases as TiO₂ content increases, accompanied by a reduction in the 
amorphous halo intensity. This behavior indicates the appearance of crystalline regions induced by 
TiO₂ incorporation, since TiO₂ is a crystalline oxide. As its concentration increases, the number of 
oriented crystallites in the (101) direction also rises. Table 1 lists the main structural parameters 
determined from the XRD analysis. 
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Figure 1 XRD patterns of pure PMMA and (PMMA/TiO₂) nanocomposite thin films prepared with 
different TiO₂ concentrations via dip coating at 60 °C. 
 
Table 1 XRD parameters and crystallographic data for pure PMMA and (PMMA/TiO₂) 
nanocomposites with varying TiO₂ content. 
 

Samples 2θ 
(degrees) 

Miller 
Indices 
(hkl) 

d-
spacing 

[Å] 
FWHM Crystallite 

Size [Å] Notes 

PMMA 10o-23o - - - - 
Broad peak 
(amorphous 

region) 

PMMA/0.1TiO2 
10o-23o - - - - 

Broad peak 
(amorphous 

region) 

25.3° (101) - - - Weak peak Main 
anatase peak 

PMMA/0.2TiO2 
10o-23o - - - - 

Broad peak 
(amorphous 

region) 

24.343° (101) 3.6535 3.2116 14 - 

PMMA/0.3TiO2 
10o-23o - - - - 

Broad peak 
(amorphous 

region) 
24.5878° (101) 3.61767 2.9655 15 - 
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3.2 Field emission-scanning electron microscopy (FE-SEM) 
 
The surface morphology of pure PMMA and (PMMA/TiO₂) thin films with various TiO₂ ratios (0.1, 
0.2, and 0.3 M) prepared at 60 °C is examined using field emission scanning electron microscopy (FE-
SEM), as presented in Figure 2. The micrographs show that the pure PMMA thin film exhibits a 
smooth and homogeneous surface free from agglomerations, as shown in Figure 2a. When TiO₂ is 
incorporated, branched crystalline structures emerge and intertwine with the polymer matrix, leading 
to a rougher and more textured surface. With higher TiO₂ content, the degree of agglomeration 
becomes more pronounced, as clearly observed in Figures (2 b,c,d).  
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Figure 2 FE-SEM images of pure PMMA and (PMMA/TiO₂) nanocomposite thin films prepared with 
different TiO₂ concentrations via dip coating at 60 °C. 
 
3.3 Fourier transform infrared (FTIR) analysis 
 
The FTIR spectra provide valuable information about the functional groups in the synthesized 
materials and confirm the presence of characteristic groups in both pure PMMA and (PMMA/TiO₂) 
composites. The spectra exhibit a broad absorption band at approximately 3500 cm⁻¹, corresponding to 
O–H stretching vibrations. This may indicate the interaction of hydroxyl groups with the TiO₂ 
nanoparticle surface or hydrogen bonding with the PMMA matrix, which is attributed to the use of 
liquid polymer. The peaks observed around 2950 cm⁻¹ correspond to C–H stretching of methyl (CH₃) 
and methylene (CH₂) groups, which are characteristic of the PMMA backbone. 
 
The strong absorption near 1730 cm⁻¹ is assigned to the C=O stretching of the ester carbonyl group in 
PMMA. In the fingerprint region (1500–500 cm⁻¹), several distinct peaks appear: weak-to-medium 
bands at 1450–1435 cm⁻¹ are due to CH₃ and CH₂ bending vibrations, while the peak near 1380 cm⁻¹ 
corresponds to α-methyl group movements. The band between 1150–1190 cm⁻¹ is attributed to C–O–C 
stretching of the ester group, and the band at 961 cm⁻¹ arises from aliphatic CH₂ groups. When 
comparing the spectra of pure PMMA and (PMMA/TiO₂), slight shifts in peak positions and intensity 
changes are evident, suggesting interactions between TiO₂ nanoparticles and the PMMA matrix—
particularly coordination between Ti atoms and the carbonyl groups of PMMA. Furthermore, new 
broad absorption bands below 800 cm⁻¹ are observed, corresponding to Ti–O–Ti and Ti–O stretching 
vibrations [13,14]. 
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Overall, these findings confirm the successful incorporation of TiO₂ nanoparticles into the PMMA 
matrix without altering its fundamental polymer structure, as all characteristic PMMA peaks remain 
visible. 
 

 
 
Figure 3 FTIR spectra showing characteristic bonding vibrations of PMMA/TiO₂ nanocomposite thin 
films. 
 
3.4 Atomic force microscopy (AFM) 
 
Atomic force microscopy (AFM) is used to study the surface topography of the prepared thin films, 
providing quantitative measurements of grain size, roughness, and surface uniformity, as shown in 
Table 2 and Figure 4. The 3D AFM images and Gaussian distribution plots indicate that the surface 
morphology is generally uniform for all samples and most regular in the pure PMMA and 0.1 M TiO₂ 
films. This can be attributed to the high uniformity of PMMA and the good interaction at low TiO₂ 
concentration, which enhances film structure and reduces surface roughness. 
 
As the TiO₂ ratio increases, the grain size becomes larger due to structural reorganization and 
enhanced crystallization within the film, consistent with the XRD results. Conversely, the surface 
roughness, root mean square (RMS) roughness, and peak-to-peak distance generally decrease with 
higher TiO₂ content—except for the 0.1 M sample, which exhibits the most significant reduction due 
to strong TiO₂–PMMA interactions that fill polymer voids and smoothen the surface. In summary, 
TiO₂ incorporation improves surface distribution, reduces roughness, and promotes the formation of 
smoother, more uniform thin-film layers. 
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Figure 4 3D AFM images and grain-size distribution of pure PMMA and (PMMA/TiO₂) 
nanocomposite thin films prepared with different TiO₂ concentrations via dip coating at 60 °C. 

 
Table 2 Effect of TiO₂ concentration on the surface characteristics of the thin films. 

 

Sample Average 
Diameter (nm) 

Roughness 
Ave. (pm) 

RMS 
roughness 

(pm) 

Peak-Peak 
(pm) 

PMMA 18.58 168.0 208.9 983.7 
PMMA/0.1M TiO2 19.27 119.2 149.2 583.1 
PMMA/0.2M TiO2 19.87 162.3 194.2 886.8 
PMMA/0.3M TiO2 21.65 158.1 190.3 721.0 

 
 
4. CONCLUSIONS 
 
The study confirmed that the dispersion of TiO₂ nanoparticles within the PMMA matrix using the dip-
coating technique at 60 °C significantly enhanced the structural, morphological, and surface 
topography properties of the resulting thin films. XRD analysis revealed a transformation from an 
amorphous to a partially crystalline structure, with the crystallite size increasing from 14 nm to 15 nm 
as the TiO₂ concentration increased from 0.2 M to 0.3 M. FE-SEM and AFM analyses further 
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demonstrated a general improvement in film quality, evidenced by an increase in the average grain size 
from 18.58 nm to 21.65 nm and a reduction in surface roughness from 168.0 pm to 158.1 pm, 
indicating improved structural uniformity and homogeneity. 
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